RSA1 is a wide-host-range bacteriophage isolated from Ralstonia solanacearum. In this study, the complete nucleotide sequence of the RSA1 genomic DNA was determined. The genome was 38,760 bp of doublestranded DNA (65.3% G؉C) with 19-bp 5-extruding cohesive ends (cos) and contained 51 open reading frames (ORFs). Two-thirds of the RSA1 genomic region encodes the phage structural modules, and they are very similar to those reported for coliphage P2 and P2-like phages. A RSA1 minireplicon with an 8.2-kbp early-expressing region was constructed. A late-expression promoter sequence motif was predicted for these RSA1 genes as 5 TGTTGT-(X) 13 -ACAACA. The genomic sequence similarity between RSA1 and related phages 52237 and CTX was interrupted by three AT islands, one of which contained an insertion sequence element, suggesting that they were recombinational hot spots. RSA1 was found to be integrated into at least three different strains of R. solanacearum, and the chromosomal integration site (attB) was identified as the 3 portion of the arginine tRNA(CCG) gene. In the light of the RSA1 gene arrangement, one possible prophage sequence previously detected on the chromosome of R. solanacearum strain GMI1000 was characterized as a RSA1-related prophage (designated RSX). RSX was found to be integrated at the serine tRNA (GGA) gene as an att site, and its size was determined to be 40,713 bp. RSX ORFs shared very high amino acid identity with their RSA1 counterparts. The relationships and evolution of these P2-like phages are discussed.
Ralstonia solanacearum is a soil-borne gram-negative bacterium known to be the causative agent of bacterial wilt in many important crops (20, 51) . This bacterium has an unusually wide host range, with more than 200 species belonging to more than 50 botanical families (21) . R. solanacearum strains represent a heterogeneous group subdivided into five races on the basis of their host range or six biovars based on their physiological and biochemical characteristics (21) . Recently, the complete genome sequence of R. solanacearum GMI1000 was reported (44) . The 5.8-Mbp genome consists of two replicons, a 3.7-Mbp chromosome and a 2.1-Mbp megaplasmid. Such a bipartite genome structure seems to be a characteristic of R. solanacearum, as a megaplasmid has been detected in most of the strains of this species (42) . Both replicons of strain GMI1000 contain a number of regions known as alternative codon usage regions (ACURs), most of which differ significantly in GϩC content from the average of 67% found in the entire genome, with GϩC contents varying from 50% to 70%. These regions are often associated with mobile genetic elements such as prophages, insertion sequences (ISs), and IS-related sequences, suggesting that ACURs may have been acquired through horizontal gene transfer and have an important role in genomic evolution (44) . At least four possible prophage sequences were detected on the chromosome of strain GMI1000, but the nature of these is largely unknown.
Recently, Yamada et al. (52) detected and isolated various kinds of bacteriophage that specifically infect R. solanacearum strains belonging to different races and/or biovars. Two of the phages, RSS1 and RSM1, are filamentous Ff-like phages (inoviruses) and contained single-stranded DNA genomes of 6,662 and 9,004 bases, respectively (30) . Both phages have an integrative nature, and some strains of R. solanacearum contained prophages of these at a specific att sequence. RSL1, another phage, with a head-tail structure resembling that of phages belonging to the myoviruses, contained an approximately 240-kb double-stranded DNA genome. This phage has a wider host range and only replicates via a lytic cycle. A template phage, RSA1, spontaneously appeared from a strain of R. solanacearum (MAFF211272) and showed the widest host range; all of the strains tested, including those of races 1, 3, and 4 and biovars 3, 4, and N2, produced plaques on assay plates. RSA1 particles have a unique morphology with a head and a tail, to the bottom of which a tail sheath is connected. A similar structure was also reported for Burkholderia cepacia phage KS5 (46) . The genome of RSA1 is a 39-kb linear DNA. A lysogenic state of this kind of phage was detected by genomic Southern blot analysis in 3 of 15 strains of the different races and different biovars (52) .
In this study, the complete nucleotide sequence of the RSA1 genomic DNA was determined. In the light of the RSA1 gene arrangement, one possible prophage sequence previously detected on the chromosome of R. solanacearum strain GMI1000 was characterized as a RSA1-related prophage (designated RSX).
MATERIALS AND METHODS
Bacterial strains and phages. Wild-type R. solanacearum strains M4S and MAFF106611 and strain MAFF211272 were from the Leaf Tobacco Research Center, Japan Tobacco Inc., and the National Institute of Agrobiological Sciences, Japan, respectively. Bacterial cells were cultured in CPG medium (26) at 28°C with shaking at 200 to 300 rpm. Phages were propagated and purified from single-plaque isolates. Routinely, the RSA1 phage was propagated by using strain M4S as the host. A 16-to 24-h culture of bacterial cells grown in CPG medium was diluted 100-fold with 100 ml fresh CPG medium in a 500-ml flask. To collect sufficient amounts of phage particles, a total of 2 liters of bacterial culture was grown. When the cultures reached 0.2 U of optical density at 600 nm, the phage was added at a multiplicity of infection of 0.001 to 1.0. After further growth for 9 to 18 h, the cells were removed by centrifugation with an R12A2 rotor in a Hitachi himac CR21E centrifuge at 8,000 ϫ g for 15 min at 4°C. To increase phage recovery, EGTA (to a final concentration of 1 mM) was added to the RSA1-infected culture at 6 to 9 h postinfection. The supernatant was passed through a 0.2-m-pore-size membrane filter, and phage particles were precipitated by centrifugation with a P28S rotor in a Hitachi X⌸100␤ centrifuge at 40,000 ϫ g for 1 h at 4°C and dissolved in SM buffer (50 mM Tris-HCl at pH 7.5, 100 mM NaCl, 10 mM MgSO 4 , 0.01% gelatin). Purified phages were stained with Na-phosphotungstate before observation in a Hitachi H600A electron microscope as described by Yamada et al. (52) . phage particles were used as an internal standard marker for size determination. Escherichia coli XL10 Gold and pBluescript II SKϩ were obtained from Stratagene (La Jolla, CA).
DNA manipulations and sequencing. Standard molecular biological techniques for DNA isolation, digestion with restriction enzymes and other nucleases, and construction of recombinant DNAs were followed as described by Sambrook and Russell (45) . Phage DNA was isolated from purified phage particles by phenol extraction. In some cases, purified phage particles were embedded in 0.7% low-melting-point agarose (InCert agarose; FMC Corp.). After treatment with proteinase K (1 mg/ml; Merck) and 1% Sarkosyl, it was subjected to pulsed-field gel electrophoresis with a CHEF MAPPER electrophoresis apparatus (Bio-Rad) as described by Higashiyama and Yamada (24) . Shotgun cloning and sequencing were performed at Hitachi High-Tech Fields Corp. as follows. RSA1 whole genomic DNA was fragmented by sonication. DNA fragments in the ϳ2-kb range were blunt ended and cloned with the pTS1/HincII vector (NipponGene) in E. coli cells. Shotgun sequencing of the clones (with an averaged insert of 2.0 kb) was performed with a BigDye Terminator version 3.1 cycle sequencing kit (Applied Biosystems) in an Applied Biosystems 3700 DNA analyzer. A total of 920 sequences larger than 150 bases were assembled by the use of a phred/phrap/consed program (http://www.phrap.org). The analyzed sequences corresponded to 6.0 times the final genome size of 38,760 bp. Potential open reading frames (ORFs) larger than 300 bp were identified by using the online program Orfinder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) and the DNASIS program (version 3.6; Hitachi Software Engineering Co. Ltd.). To assign possible functions to ORFs, searches through the databases were performed with the BLAST, BLASTX, and BLASTP programs (1) .
To identify the attP and attB sequences of RSA1, genomic DNA of RSA1 lysogenic strain MAFF211272 of R. solanacearum was digested with HincII and hybridized with a RSA1 DNA probe as described below. Two hybridizing bands of 2.6 and 5.7 kbp which possibly contain each of the integration junctions were cut out from the gel, ligated to the EcoRV site of pBluescript II SKϩ, and cloned in E. coli XL10 Gold. The nucleotide sequences determined for the clones were compared with the RSA1 genomic sequence.
An autonomously replicating plasmid (minireplicon) was constructed from RSA1 DNA as follows. Regions on the right side of the RSA1 genome which contain possible early genes, including those for DNA replication, were amplified by PCR with a combination of forward primers (ORF33-P1, ORF36-P2, ORF39-P3, and ORF35-P5; Table 1 ) and reverse primer ORF49-P4 (Table 1) . Twentyfive rounds of PCR were performed with 1 ng of RSA1 DNA as the template under standard conditions in an MY Cycler (Bio-Rad). After digestion with HindIII at the reverse primer sites, the amplified fragment was connected to a Km r cassette cut out with HindIII and SmaI from plasmid pUC4-KIXX (Amersham Biosciences). It was then introduced into cells of strains M4S and MAFF106611 by electroporation with a Gene Pulser Xcell (Bio-Rad) with a 2-mm cell at 2.5 kV in accordance with the manufacturer's instructions. Transformants were selected on CPG plates containing 15 g/ml kanamycin (Meiji Seika, Tokyo, Japan).
Southern blot hybridization. Genomic DNA of R. solanacearum cells was prepared by the minipreparation method as described by Ausubel et al. (2) . After digestion with various restriction enzymes, DNA fragments were separated by agarose gel electrophoresis, blotted onto a nylon membrane (Biodyne, Pall Gelman Laboratory, Closter, NJ), hybridized with a probe (RSA1 genomic DNA) labeled with fluorescein (Gene Images random prime labeling kit; Amersham Biosciences, Uppsala, Sweden), and detected with a Gene Images CDPStar detection module (Amersham Biosciences). Hybridization was performed in a buffer containing 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% sodium dodecyl sulfate (SDS), 5% liquid block, and 5% dextran sulfate for 16 h at 65°C. The filter was washed at 60°C in 1ϫ SSC-0.1% SDS for 15 min and then in 0.5ϫ SSC-0.1% SDS for 15 min with agitation, in accordance with the manufacturer's protocol. The hybridization signals were detected by exposing the filter to X-ray film (RX-U; Fuji Film, Tokyo, Japan).
In planta virulence assay of R. solanacearum strains. Cells of R. solanacearum were grown in CPG medium for 1 to 2 days at 28°C. After centrifugation, cells were resuspended in distilled water at a density of 10 8 /ml. The cell suspension was injected with a needle into the major stem of tobacco plants (Nicotiana tabacam SR1, 4 weeks old with four to six leaves) at a site 1 cm above the soil level (just above the cotyledons). As a control, distilled water was injected in the same manner. Each bacterial strain was injected into five plants. Plants were cultivated in a Sanyo Growth Cabinet (Sanyo, Osaka, Japan) at 25°C (16 h light, 8 h dark) for 3 to 4 weeks before detailed examination. Symptoms of wilting were graded from 1 to 5 as described by Winstead and Kelman (50) . Extracellular polysaccharide production by R. solanacearum cells was assayed by the method of Gatt and Berman (15) .
Nucleotide sequence accession number. The RSA1 genomic sequence was deposited in DDBJ under accession no. AB276040.
RESULTS AND DISCUSSION
Host range and lysogenic nature of RSA1. RSA1 has a wide host range; all 15 strains of the different races or biovars of R. solanacearum produced plaques (with variable frequency) on assay plates (52) . With strain M4S as the host, RSA1 titers were usually not so high; a value of 2 ϫ 10 8 to 1 ϫ 10 9 PFU/ml was obtained, but phage recovery was dramatically increased (100-fold) by addition of 1 mM EGTA to the RSA1-infected host culture. This EGTA effect was also reported for CTX, which uses the lipopolysaccharide core as a receptor site on the cell surface and requires Ca 2ϩ ions for binding to the receptor (38) . In that case, EGTA treatment reduced phage adsorption, and when the phage was added at the final stage of infection, its recovery from the cell debris greatly increased. On the basis of these sim- RSA1 spontaneously appeared from strain MAFF211272 (52), but UV light irradiation of this strain did not induce phage production; the lysates prepared by UV irradiation contained a rather reduced number of infectious phage particles compared with the culture supernatant of untreated cells (3.7 ϫ 10 3 PFU/ml without UV irradiation and 3.4 ϫ 10 3 PFU/ml with UV irradiation for 16 s). This result indicated that RSA1 is not UV inducible. Determination of the genomic DNA sequence. In our previous study, the RSA1 genomic DNA gave a ladder pattern of a 39-kbp unit by pulsed-field gel electrophoresis (52), indicating a linear molecule of 39 kbp. To determine the nucleotide sequence of the entire RSA1 genomic DNA, shotgun cloning and sequencing were performed (as described in Materials and Methods). A total of 920 sequences larger than 150 bases were assembled by the use of the Phred/Phrap/Consed program. The analyzed sequences corresponded to 6.0 times the final genome size of 38,760 bp. The RSA1 genome has a GϩC content of 65.3%. Potential ORFs that consist of more than 100 codons and start with ATG or GTG were identified with the online program Orfinder and the DNASIS program (version 3.6; Hitachi Software Engineering Co. Ltd.). To assign possible functions to ORFs, searches through the databases were done with the BLAST, BLASTX, and BLASTP programs (1). When two ORFs in different reading frames overlapped, the ORFs that had homologies to known sequences or a codon usage typical of the host R. solanacearum were selected. Accordingly, a total of 51 potential ORFs were assigned on the genome (Table 2 and Fig. 1 ). Most ORFs started with ATG Table  2 , in each case, significant homology was detected for each ORF in the database and so they are included in the final assignment. RSA1 gene organization and homology to other phage genomes. The databases were searched with the BLAST and BLASTX programs for sequences homologous to the nucleotide sequence of RSA1 DNA. Extensive homologies were detected in the genomic sequences of Burkholderia pseudomallei phage 52237 (accession no. DQ087285), Pseudomonas aeruginosa phage CTX (accession no. AB008550), and coliphage P2 (accession no. AF063097) and the chromosomal DNA of R. solanacearum GMI1000 (accession no. AL646052).
To avoid confusion, the P2 definition of the genes was followed in the identification of RSA1 genes in this study. Interestingly, R. solanacearum was formerly classified as Pseudomonas solanacearum and had another synonym, Bacillus solanacearum (47, 51), based on classical taxonomic characteristics. Currently, the three bacterial genera Ralstonia (Betaproteobacteria), Burkholderia (Betaproteobacteria), and Pseudomonas (Gammaproteobacteria) are clearly distinguished from each other on the basis of their 16S rRNA sequences (51) . In this context, we are interested in the interrelationships among the three phages RSA1, CTX, and 52237.
Extended comparison of the RSA1 sequence with these sequences by the matrix plot method revealed characteristic features of the phage gene organization, as shown in Fig. 2 . Between the RSA1 and 52237 (37,639 bp) sequences, an extended colinearity was obvious throughout almost the entire genomic region (Fig. 2A) . The sequence homology was broken by three small regions around RSA1 positions 12,500 to 13,500 (region R1), 26,000 to 29,000 (region R2), and 37,000 to 38,760 (region R3), whose GϩC contents were 50.5% (region R1), 60.6% (region R2), and 56.1% (region R3) and relatively low compared with the overall average value of the genome (65.3%). These regions with low GϩC contents (AT islands) correspond to 52237 positions 10,000 to 12,000 (58.6% GϩC), 24,000 to 27,000 (57.3% GϩC), and 35,600 to 37,630 (53.1% GϩC), whose GϩC contents are also lower than the overall average value of the 52237 genome (64.8%). In the comparison between RSA1 and CTX, colinearity was lim- ited to the initial two-thirds of the genomes (Fig. 2B) . Interestingly, the sequence homology was broken by the same AT islands of the RSA1 genome. On the CTX genome (35,652 bp), regions R1 to R3 approximately corresponded to positions 10,500 to 12,000 (51% GϩC), 23,500 to 25,500 (46.2% GϩC), and 35,000 to 35,652 (47.1% GϩC). In addition, another break was seen around positions 15,000 to 16,500 (58.0% GϩC; region R4). The GϩC contents of these CTX regions are again lower than the average genomic GϩC content of 62.6%. In each comparison, these AT islands can be recognized as blank lattices against a background of dotted areas, suggesting that they are regions containing unrelated sequences probably acquired recently.
RSA1 region R1 corresponds to a region containing ORF18 (function unknown) between structural genes gpS (orf17) and gpV (orf19). In the same location, CTX contains ORF15 (function unknown). Region R2 of RSA1 corresponds to the junction where the homology with CTX ends. This AT island of approximately 3.0 kb separates the gpD gene (orf32) and the ogr gene (orf38), which are immediately linked to each other on the coliphage P2 genome. A similar AT island of 3.4 kb was found to be inserted in the same region in CTX, where six ORFs with unknown functions are located (38) . These ORFs showed no homology with any of five ORFs (ORF33 to -37) in RSA1 region R2. It is interesting that ORF34, located close to ORF32 (the gpD homologue), showed 100% amino acid sequence identity with transposase ISRSO15, which was found in the chromosomal DNA (positions 2,780,153 to 2,781,370; accession no. AL646070), as well as the megaplasmid DNA (positions, 111,895 to 113,185; accession no. AL646085) of R. solanacearum GMI1000. ORF34 is on an IS of 1,319 bp with a terminal repeat of seven A residues. A cluster of ORFs, ORF33 to -35, is located in reverse orientation compared to the conserved genes for structural components (described below). These facts strongly suggest that this region was transferred horizontally. The third AT island (region R3) around the right cos of RSA1 contains only ORF51 with an unknown function.
The entire genomic comparison for these phages suggests that RSA1 is closely related to B. pseudomallei phage 52237 and P. aeruginosa phage CTX, which belong to the P2-like phages. So far, genomic sequences of a number of P2-related phages from various bacteria have been reported in the literature or in the databases, including P2 (GenBank accession no. NC001895), 186 (GenBank accession no. U32222), 108 (7), Fels-2 (35), HP1 (14) , HP2 (41), K139 (29) , and Mja-PHL101 (25) . Many of these phages infect bacteria belonging to the family Enterobacteriaceae and have the same genomic organization (with minor variations) that has been best characterized for coliphage P2 (39) . The well-established P2 gene organization is compared with that of RSA1 in Fig. 1 (bottom) . The 
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on October 14, 2017 by guest http://jb.asm.org/ gray shading is based on a matrix comparison of the nucleotide sequences (more than 12 matches between 15 nucleotide sequences are marked) (data not shown). As shown here, the left two-thirds of the RSA1 genome that showed a high degree of homology with the CTX and 52237 genomes (Fig. 2B ) also shared homology with phage P2, even with a difference in GϩC content (50.2% in P2 DNA). This conserved region corresponds to the P2 late region, including genes for phage structural components, assembly, and regulation (6) . The homology-disrupting AT islands corresponding to R1, R4, and R3, which contain four nonessential genes, orf30, fun(Z), tin, and old, were also found in P2 (Fig. 1, bottom) (6) . A region containing lys genes is also distinct (see below). Contrasting to the highly conserved structural modules, the right one-third of P2 DNA, containing genes for early functions and int/att, is remarkably different from that of RSA1. Especially the locations of int and att are quite different between the two phages; they are immediately to the right of ogr in P2 but to the left of cosR in RSA1 (see below). In this respect, two types of P2-like phages are obvious, P2-type and RSA1-type phages, including CTX and 52237. 108 and Mja-PHL101, which infect Pasteurella maltocida and Mannheimia haemolytica, respectively (both belong to the family Pasteurellaceae), are also of the latter type. It is noteworthy that the GϩC content of the segment corresponding to the P2 early genes and int/att is slightly lower than the rest of the genome in all of these phages, even in P2 (data not shown). It might be possible that this region was derived from foreign genomes. The patchy genetic relationship between RSA1 and these phages indicates frequent recombinations within the RSA1 ancestral genome during its evolution, as suggested for tailed phages and their prophages (8, 9, 22) .
Genes for capsid synthesis and DNA packaging. RSA1 possesses homologues of almost all of the P2 genes required for capsid synthesis and DNA packaging in the left end of the genome in the same order as in P2 (Table 2 and Fig. 1 ). ORF5 and ORF6 correspond to homologues of the portal protein, gpQ, and the large subunit of terminase, gpP, respectively. orf6 and orf5 are adjacent in the same direction as in the PQ operon of P2, suggesting a single transcription unit. orf7, -8, -9, and -10 encode homologues of the scaffold protein, gpO; the major capsid protein, gpN; the small subunit of terminase, gpM; and the head completion protein, gpL, respectively, in the same order as in P2. An icosahedral morphology and dimension of the RSA1 head resembling the P2 head reflect the high homology seen in the amino acid sequences and sizes of these capsid proteins, for example, 50% amino acid identity between the ORF7 and P2 gpO proteins and 56% amino acid identity between the ORF8 and P2 gpN proteins. As described below, the DNA sequence of the RSA1 cos site is similar to those of the P2-like phages, according to the high homology seen in the amino acid sequence and size between ORF6 and ORF9 and P2 gpP and gpM, respectively (59% amino acid identity between ORF6 and P2 gpP and 45% identity between ORF9 and P2 gpM).
Genes for tail synthesis. One characteristic feature of RSA1 particles is their unusual tail and tail sheath structure. As shown in Fig. 3 , a tail 110 Ϯ 8 nm in length and 3 Ϯ 0.2 nm in diameter is associated with a tail sheath (40 Ϯ 6 nm in length and 17 Ϯ 1.5 nm in diameter) movable along the tail (Fig. 3A) . A tail sheath was often observed attached at the bottom of the tail but sometimes at intermediate positions along the tail, giving unique structures which resemble the morphology reported for B. cepacia phage KS5 (46) . One possibility is that after attachment to the host cells the sheath contracts or moves up along the tail to bring the tail tube into the surface of the cell. Tail fibers and collar structures were not discerned from the electron micrographs (52) . Sometimes, structures resembling the tail sheath were observed connected in a chain (Fig. 3B) .
RSA1 also possesses homologues of most P2 tail genes in a gene arrangement similar to that of P2. In P2, a total of 16 essential genes were identified arranged within three operons for the tail assembly (16, 17) . RSA1 ORF11, corresponding to P2 gpX (with 60% amino acid identity), is located next to ORF10 (gpL homologue) at the junction of the head gene cluster and the tail and lysis gene cluster. ORF16 and ORF17 (corresponding to P2 tail completion proteins gpR and gpS, respectively) are found after the lysis genes. Moderate amino acid identity was observed between these genes (46% amino acid identity between ORF16 and P2 gpR and 40% identity between ORF17 and P2 gpS). The second gene cluster for tail assembly comprised seven ORFs (ORF19 to ORF25). ORF19 to -21 are homologues of the P2 baseplate assembly proteins gpV (41% amino acid identity), gpW (39% amino acid identity), and gpJ (62% amino acid identity), respectively. ORF22 showed homology to P2 tail formation protein gpI (52% amino acid identity). ORF23 is a homologue of P2 tail fiber protein gpH, and ORF24 is a C-terminal portion of ORF23, which is described as a putative tail fiber protein (RSc1692; accession no. Q8XYR6). Although the 150-amino-acid N-terminal portion of ORF23 showed high amino acid identity (54%) with P2 gpH, the remaining part showed only marginal homology. The C-terminal part of P2 gpH is made up of several modules that are found in the tail fiber proteins of a variety of doublestranded DNA phages in various combinations (16) . ORF25 is located at a position corresponding to that of P2 tail fiber assembly protein gpG, but its size, 250 amino acids (aa), is larger than that of gpG (175 aa) and the amino acid identity is low, only 25%. This is also the case in CTX; there was no CTX ORF with significant homology to P2 gpG; CTX ORF21 seemed to have replaced it (38) . In contrast to the highly conservative nature of other structural proteins in P2-like phages, this tail fiber assembly protein may be highly specific to each phage.
Another gene cluster for tail formation includes six ORFs (ORF27 to -32) corresponding to the P2 gene cluster gpFIgpFII-gpE-gpT-gpU-gpD. High amino acid identity was observed between ORF27 and P2 major tail sheath protein gpFI (62% identity) and between ORF28 and P2 tail tube protein gpFII (47% identity), but all other homologues shared moderate homologies ranging from 35% to 44% amino acid identity. As described above, the RSA1 particles showed characteristic tail structures somewhat different from those of P2 and typical P2-related phages, which reflects the differences observed in ORFs included in these tail assembly structural modules.
Lysis genes. RSA1 encodes four ORFs (orf12 to orf15) in the region corresponding to the P2 region for lysis function, where five genes (gpY, gpK, lysA, lysB, and lysC) are located. orf12 and orf13 encode highly hydrophobic small (possibly transmembrane) proteins related to holins which form the channels in the cytoplasmic membranes for the translocation of lytic enzymes (53) , although no significant amino acid sequence identity was detected between these ORFs and P2 holin gpY. RSA1 ORF14 showed high amino acid sequence homology with various phage lytic enzymes (unpublished data). ORF14 exhibited an amino acid sequence almost identical to that of an ORF (RSc1931) detected on the chromosome of R. solanacearum GMI1000 (98% identity), and an amino acid identity as high as 57% with lytic enzymes of 52237 and CTX was observed. A composite structure of the CTX lytic enzyme consisting of the N-terminal region conserved in the gram-positive bacteria and their phages and the C-terminal region shared by lytic enzymes of lipid-containing phages was reported (38) . The high observed homology with these enzymes suggests that the RSA1 ORF14 protein may function in cells of P. aeruginosa and B. pseudomallei as well. In contrast to this, P2 endolysin gpK (166 aa) did not show significant amino acid sequence homology to these enzymes. Homologues of P2 lysA (which affects the timing of lysis), lysB (for the regulation of lysis), and lysC (a transcription attenuator) are not clear in RSA1, although ORF14 showed marginal homology with both P2 lysA (30% amino acid identity) and lysB (30% identity).
Regulatory genes for late gene expression and possible late promoters. The expression of the P2-related phage late genes is absolutely dependent on the Ogr proteins (4, 10). The Ogr protein family represents a unique group of prokaryotic zinc finger DNA-binding transcriptional activators which are highly conserved in P2-related phages. A set of four cysteine residues is conserved in all Ogr proteins in the arrangement C-(X) 2 -C-(X) 22 -C-(X) 4 -C, where a zinc ion is coordinated by four cysteines (32) . The Ogr protein interacts with the ␣ subunit of RNA polymerase and activates the late-gene promoters (3, 31) . On the P2 genome, the ogr gene is located immediately downstream of the gene cluster gpF-gpE-gpT-gpU-gpD close to attP and the int gene (11) . A possible ogr homologue, RSA orf38, that has 34% amino acid identity with P2 Ogr and contains precisely the conserved zinc finger motif, was found approximately 3.4 kb downstream from the gpD homologue (orf32) on the RSA1 genome ( Table 2 and Fig. 1 ). As described above, this is caused by an insertion of a 3.4-kb region (region R2) with five ORFs, including ISRSO15.
The consensus binding sequence for Ogr proteins has been identified in each late promoter region in the P2 family as TGT-(N) 12 -ACA, which is central approximately at the Ϫ55 position from the first ATG codon (28) . In RSA1, four possible late promoter regions (5Ј noncoding regions of orf6, orf7, orf19, and orf27) were examined for such sequence motifs or common sequences. All of these regions contained a sequence motif [5Ј TGTTGT-(X) 13 -ACAACA] that is centered around positions Ϫ50 to Ϫ89 from the initiation codon (unpublished data). This sequence is related to the P2 consensus sequence, indicating that RSA1 Ogr may have the same promoter recognition mechanism as the Ogr proteins of the P2 family. No promoter sequence of the 70 type was present in these possible late promoter regions of RSA1.
Early genes and genes for lysogeny. On the right side of ORF38 (Ogr homologue), there are 12 ORFs (ORF39 to -51) arranged in the same direction and 1 ORF (ORF48) that overlaps ORF47 in the reverse orientation. Because both ORF47 and -48 showed homologous sequences in the databases, they are included in Table 2 and Fig. 1 . In P2, this genomic region contains early-expressed genes, including genes for DNA replication (34) such as gpA and gpB, genes for lysogeny such as the integrase gene and cox (43) , and genes for lysogenic conversion such as old (37) and tin (36) . These RSA1 ORFs did not show significant similarity to the P2 genes in the corresponding region, whereas their homologous sequences were found in the databases for various phages or prophages, especially of Ralstonia species and Burkholderia species. For example, ORF39 showed 65% amino acid identity with B. pseudomallei phage 52237 ORF15 (accession no. AAZ72616.1), 65% identity with the prophage sequence in B. pseudomallei strain K96243 (accession no. Q63YQ0), and 41% identity with the prophage antirepressor sequence of Xylella fastidiosa strain Ann-1 (accession no. Q3R0Y7). RSA1 ORF47 (the largest ORF of RSA1) showed 74% amino acid identity with 52237 ORF4 (accession no. AAZ72605.1), 74% identity with the prophage sequence of B. pseudomallei strain K96243 (accession no. Q63YQ8), 51% identity with the R. solanacearum NCBI305 prophage sequence RSc0967 (acces- VOL. 190, 2008 P2-LIKE PHAGE OF R. SOLANACEARUM 151 on October 14, 2017 by guest http://jb.asm.org/ sion no. Q8Y0S6), and 51% identity with the prophage sequence of R. eutropha JMP134 (accession no. Q46Z72). Although the function of this well-conserved ORF is not known, a 150-amino-acid portion at the N terminus showed 42% amino acid identity with some bacterial DNA primases (accession no. Q43KY5), suggesting its involvement in DNA replication. RSA1 ORF50 is a homologue of int of the P2-related phages (unpublished data). Its amino acid sequence shows various degrees of homology to int sequences of P2-related phages and prophages. Based on the sequence alignment data, a phylogenetic tree was constructed as shown in Fig. 4 , which suggests a close relatedness of integrases of RSA1 and the prophage integrated in the chromosome of B. mallei ATCC 23344 (accession no. Q62FM0).
To verify the possible functions for DNA replication of ORFs in this region, RSA1 minireplicons were constructed. A P2 minireplicon was constructed with a small region containing gene A and ori (34) . However, as suggested by the genome comparison in Fig. 1 (bottom) , the gene organization required for DNA replication may be different in RSA1. In fact, such a minireplicon could not be obtained for CTX (38) , and to our knowledge, no successful example has been reported from "RSA1-type" phages so far. RSA1 DNA fragments containing ORF49 and its upstream ORFs were amplified by PCR with a combination of primers as shown in Table  1 and Fig. 1 . Three fragments of 10.4 kbp (amplified with primers ORF33-P1 and ORF49-P4), 7.7 kbp (amplified with primers ORF36-P2 and ORF49-P4), and 6.7 kbp (amplified with primers ORF39-P3 and ORF49-P4), as indicated in Fig. 1  (fragments A, B , and C, respectively), were connected to a Km r cassette of 1.5 kbp and introduced into cells of R. solanacearum strains M4S and MAFF106611 by electroporation. The resulting minireplicon of 11.5 kbp was stably maintained in the cells and conferred Km r on the cells, indicating that ori and functions necessary for RSA1 DNA replication are encoded within this region. However, neither the 7.7-kbp nor the 6.7-kbp RSA1 fragment could support stable replication of the DNA constructs. Some ORFs (ORF33, ORF34, and ORF35) in the 10.4-kbp fragments may be involved in plasmid maintenance. In this context, it is interesting that ORF35 resembles the DNA-binding repressor proteins of bacteriophages ( Table  2 ). The actual involvement of ORF35 in the maintenance of the RSA1 minireplicon was confirmed by removing a 2.0-kbp fragment containing ORF33 and ORF34 from the 10.4-kbp construct by PCR with primers ORF35-P5 and ORF49-P4 (Table 1 ). The resulting construct of 8.2 kbp (D in Fig. 1, top) was stably maintained in cells of both strains M4S and MAFF 106611 on selection plates containing kanamycin. RSA1 ORF35 showed amino acid sequence similarity to RSX RSc1907 (E value of 7e-20) and 52237 gp23 (Q63YP6; E value of 6e-21). This is the first successful example of a minireplicon of RSA1-type phages.
RSA1 cos and att sequences. On pulsed-field gel electrophoresis, the RSA1 DNA showed a ladder pattern with a monomer size of approximately 39 kb, like coliphage (52) , suggesting the presence of cohesive ends (cos) on the linear molecule. When RSA1 DNA was digested with HincII, more than 20 fragments were generated, among which was a 5.7-kb fragment that dissociated into two fragments (2.4 and 3.3 kb) after heating at 70°C for 15 min. The 5.7-kb HincII fragment extracted from agarose gel after electrophoresis was heated to generate the two bands, which were treated with T4 DNA polymerase to form blunt ends. After connecting to the EcoRV site of pBluescript II SKϩ, the fragments were cloned and sequenced. By comparing the nucleotide sequences to each other and with the RSA1 genomic sequence, it was revealed that a 19-base sequence of the 3Ј end of the 2.4-kb fragment is the same as a 19-base sequence of the 5Ј end of the 3.3-kb fragment, indicating that the RSA1 DNA contains a 19-base single-stranded extrusions on the left (5Ј-GGTGAGGCGGG GTCCCAAC-3Ј) and on the right (3Ј-CCACTCCGCCCCAG GGTTG-5Ј). In Fig. 5 , the RSA1 cos sequence is compared with those of a few phages of the P2 family, including P2 and CTX. A 55-bp core sequence (54) was also found to be well conserved in RSA1. Both RSA1 and P2 have 19-base 5Ј-extruding cohesive ends, but CTX has a 21-base 5Ј extrusion (19) .
RSA1 was spontaneously released from R. solanacearum strain MAFF211272, and a RSA1-related sequence was detected on the chromosomal DNA of this strain, indicating that RSA1 contains an attachment site (attP) where it recombines with a homologous sequence on the bacterial genome (attB) via site-specific recombination (12). As described above, RSA1 encodes a site-specific integrase (ORF50, int), and an attP sequence was predicted in the vicinity of this gene, as seen in most P2-related phages. Chromosomal DNA fragments of strain MAFF211272 that contain flanking regions of the RSA1 prophage were cloned as follows. Two HincII fragments (2.6 and 6.0 kb), which showed different patterns compared with HincII fragments in Southern blot hybridization, were extracted from the agarose gel, connected to pBluescript II SKϩ, and cloned into E. coli XL10 Gold. The nucleotide sequence of the 2.6-kb fragment contained a RSA1 sequence region containing ORF50 (int), followed by 88 bases overlapping the gene for arginine tRNA(CCG), after which a chromosomal sequence appeared. On the 6.0-kb fragment, a chromosomal sequence was connected to a RSA1 sequence corresponding to a 45-base 3Ј portion of the arginine tRNA(CCG) gene, followed by ORF51. These results demonstrated that RSA1 used a 45-base 3Ј portion of the arginine tRNA(CCG) gene as attP and was integrated into the arginine tRNA(CCG) gene on the chromosome of strain MAFF211272 as indicated in Fig. 6 . It is also interesting that RSA1 att sequence was present in the chromosomal DNA of B. pseudomallei strain 1026b (accession no. AY471582), indicating that a RSA1-related phage may also infect this bacterial species and integrate at the same att site. For comparison, we examined the nucleotide sequence of B. pseudomallei phage 52237 for a possible att sequence and found in the corresponding region (positions 2845 to 2889, accession no. DQ087285) a 45-base 3Ј portion of the phenylalanine tRNA-(GAA) gene. Therefore, RSA1 and 52237 use different tRNA genes as an att site. P2-like phages and their satellite phages 186, P4, Hp1, R73, and CTX use tRNA genes as attB as well (18, 19, 33, 40, 48) .
Other genes. In addition to unknown genes located in the AT islands, such as orf18, orf36, orf37, and orf51 as described above, RSA1 contained four additional ORFs (ORF1 to ORF4) between cosL and ORF5 (P2 gpQ homologue), as shown in Table 2 and Fig. 1 . Interestingly this position is also suggested as another hot spot on the P2-like phage genomes where foreign genes can be picked up without disturbing the functions of other genes (13, 38) . RSA1 ORF1, -2, and -4 show some amino acid sequence similarity to proteins of Janthinobacterium lividum, and ORF3 is similar to a hypothetical protein (accession no. Q2SWS5) of B. thailandensis. These genes might have been acquired from previous hosts, suggesting a wide host range of RSA1 extending to BurkholderiaJanthinobacterium species.
Homology to the prophage sequence detected on the R. solanacearum GMI1000 chromosome. On the 3.7-Mb chromosome of R. solanacearum GMI1000, at least four possible prophage sequences were detected (44) . One of them, a 40.7-kb region located at positions 2,084,442 to 2,125,154 (designated RSX), showed significant nucleotide similarity to RSA1. This prophage sequence was briefly described as RS6 previously (9) . Figure 2C shows a matrix comparison of the nucleotide sequences of the RSA1 genome and the RSX chromosomal region. As shown in the comparison of RSA1 and CTX (Fig. 2B) , the two-thirds portion of the left side of the RSA1 genome that encodes the structural modules showed a high level of homology to the RSX sequence and the homology is interrupted by the AT island R2 as described above. Therefore, the possible prophage RSX can also be a member of the family of P2-like phages and retains conserved structural modules, even with a somewhat larger entire-genome size. This is supported by additional information as follows. In the RSX region, there is a gene for serine tRNA(GGA) at positions 2,084,367 to 2,084,457 immediately upstream of the possible integrase ORF (RSc1896). A 15-bp sequence at the 3Ј end of this gene was found to be repeated at positions 2,125,140 to 2,125,154, which separates the phagerelated sequences from the chromosomal sequences, suggesting that the sequence of serine tRNA(GGA) is attL and the 15-bp sequence at the 3Ј end of this gene is attR on the chromosome of strain GMI1000, as depicted in Fig. 6B . In the vicinity of this attR region, there is a sequence closely related to cos at positions 2,121,802 to 2,121,858. This possible cos sequence of RSX is compared with those of other phages in (Table 2) are also highly conserved in RSX (compared with RSA1 in Fig. 1, bottom) . In the database search for homology to these RSA1 proteins, the highest BLAST scores were always obtained with RSX proteins (RSc1899 to RSc1941), as indicated in Table 2 ; in each comparison of the RSA1 and RSX counterparts, amino acid identity ranged from 85% (gpX; RSA1 ORF11 versus RSX RSc1934) to 100% (gpS; RSA1 ORF17 versus RSX RSc1928), indicating a very close relatedness of RSA1 and RSX. In contrast to this high degree of similarity in the organization of structural genes, RSA1 regions R1, R2, and R3 also interrupted the sequence homology between RSA1 and RSX (Fig. 2C) . In the RSX sequence (67.0% average GϩC content), region R1 corresponds to an ACUR of 1,512 bp (51.5% GϩC) containing RSc1926 and RSc1927 (without known functions), and RSX region R2 coincided with another ACUR of 2,657 bp (56.7% GϩC) containing six ORFs (RSc1905, RSc1906, RSc1907, RSc1908, RSc1909, and RSc1910). Among them, only RSc1907 showed a relatively low amino acid sequence similarity to RSA1 ORF35 (39% identity). RSc1907 is noted as a putative phage DNA-binding repressor (accession no. Q8XY56). Within the RSX-R2 region, there is no IS (ISRSO15) that was observed in the corresponding region of the RSA1 sequence. The RSX sequence corresponding to region R3 overlaps another ACUR of 3,427 bp (56.5% GϩC) containing two unknown ORFs (RSc1947 and RSc1948). The RSX ORFs around this region, including RSc1896 (int), RSc1897, RSc1898, RSc1945, and RSc1946, did not show significant homology to RSA1 ORFs in the corresponding positions. For example, the amino acid identity between RSA1 ORF50 (int) and RSc1896 (int) is only 29% (unpublished data).
In addition to these nonconserved regions, a region between cosL and gpQ is also divergent between RSA1 and RSX. There is a vgr-like gene (RSc1944) located close to cos of RSX. Wang et al. (49) considered the vgr gene a structural component of at least some Rhs (recombination hot spot) elements. The functions of two other ORFs (RSc1942 and RSc1943) located in this RSX region are not known. There is a long repeat sequence within the coding region of RSc1942.
These nonconserved regions may have been rearranged very recently, possibly by horizontal gene transfers in the divergence of RSA1 and RSX. In the light of the gene arrangement found in P2-like phage RSA1, the prophage RSX sequence was characterized in this work.
Prophage effects of RSA1 on lysogenic cells. Some temperate phages and prophages are known to carry additional cargo genes (termed morons or lysogenic conversion genes). Many morons from prophages in pathogenic bacteria encode proven or suspected virulence factors (5, 8, 23, 27) . The cytotoxin gene (ctx) was found to be inserted at an AT island in CTX of P. aeruginosa (38) . The ctx gene appeared to have jumped in between cos and orf1 (gpQ equivalent) (Fig. 1, top) , FIG. 6 . attP sequences of RSA1 and RSX. The RSA1 and RSX attachment sites correspond to a 45-base 3Ј portion of the arginine tRNA(CCG) (A) and a 15-base 3Ј portion of the serine tRNA(GGA) (B), respectively. The attP core nucleotide sequence is in bold letters.
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on October 14, 2017 by guest http://jb.asm.org/ suggesting that this region is a hot spot for such genes. Within this corresponding region of RSA1, there are four ORFs (ORF1 to ORF4) in the same orientation as described above.
In the RSX sequence, integrated in R. solanacearum GMI1000, three ORFs, RSc1944, RSc1943, and RSc1942, are also found in the same orientation as described above and comapped in Fig. 1 , bottom. Compared to cells without RSA1 sequences, the lysogenic cells showed no obvious changes in growth rate, cell morphology, colony morphology, pigmentation, or extracellular polysaccharide production in culture. In our preliminary infection experiments, no obvious enhanced pathogenicity was observed with RSA1 lysogenic cells by in planta virulence assay with tobacco plants. However, these extra genes are still interesting subjects for further analyses concerning pathogenesis-related physiological functions.
Conclusion. (i)
A bacteriophage, RSA1, with an especially wide host range of R. solanacearum has been characterized as a P2-related phage by genomic analysis. With the established gene organization, this phage might be useful as a biocontrol agent or a biodiagnosis tool for bacterial wilt disease. (ii) One putative prophage sequence (previously named RS6 [9] ) detected on the chromosome of R. solanacearum strain GMI1000 has been characterized in detail as a RSA1-related prophage (designated RSX in this work). Extra genes found in the hot-spot regions of these phage genomes may be candidates for further studies related to the pathogenesis of this wilt disease bacterium. (iii) A stable minireplicon has been constructed from an 8.2-kbp early region of RSA1 DNA. This is the first example of a minireplicon from RSA1-type phages and will serve as a good system to study the unknown replication mechanism of related phages.
